The determination of rare earth elements (REEs) in airborne particulate matter (APM) was conducted, and the distribution pattern of atmospheric REEs was evaluated in this study. The APM was collected in the center of Tokyo, Japan, where serious air pollution is always of concern. A cellulose acetate membrane filter was used to collect the APM because Ba and REEs contamination is lower than that in a quartz glass fiber filter. The REEs measurement was conducted by ICP-MS after the digestion of the APM by a microwave acid digestion procedure. The standard reference material (SRM) of NIST 1648 urban particulate matter was used to validate the accuracy of the analytical method. The analytical results for SRM well agreed with those of the reference and reported values. Consequently, the analytical method established in this study was applied to the determination of REEs in APM collected in Tokyo, Japan. The obtained REEs distribution pattern in the APM showed a positive anomaly of Tb and Eu. The La/Sm ratio, which is considered to be as a good indicator of the anthropogenic effect, in size-classified APM showed a high degree of the anthropogenic effect in fine APM with a diameter of <1.1 μm. Emission sources of Tb, Eu and other REEs are discussed.
Introduction
In recent years, the pollution of the atmosphere, particularly in urban areas, is considered to be serious problems for human health, because enormous amounts of substances are emitted into the atmosphere. Since humans are always breathing air, toxic substances are also being taken up through inhalation. Therefore, it is of concern that toxic substances may cause serious problems for human health. From this point of view, the anthropogenic emission of elements into the atmosphere has been investigated. Many elements in airborne particulate matter (APM), including toxic elements, such as As, Cd, Cr, Pb and Hg, have been reported so far; [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] in addition, platinum-group elements (PGEs), such as Pt, Pd and Rh, were also focused on concerning anthropogenic emission from automobiles. [10] [11] [12] [13] [14] [15] However, reports of rare earth elements (REEs) in APM are few. [16] [17] [18] [19] Because REEs are used for industrial and medical materials, such as ceramics as superconductors, catalysts for automobiles (Ce), lasers (Nd), permanent magnets (Sm, Nd), fluorescent for color TVs (Eu, Y), fluorescent lamps (Eu), contrast medium for MRI (Gd) and so on, it can be considered that large amounts of REEs are consumed and emitted into the atmosphere. 19 Therefore, atmospheric REEs should be determined in order to evaluate atmospheric pollution regarding human health.
In this study, an analytical method for the determination of REEs in APM was established. The standard reference material (SRM) of NIST 1648 urban particulate matter was used to validate the analytical method for REEs determination, and the atmospheric REEs collected in Tokyo, Japan were determined, and its REEs distribution pattern was evaluated. Table 1 summarizes the sampling conditions of a high-volume air sampler (Model-120V; Kimoto, Tokyo, Japan) used for collecting APM samples. The high-volume air sampler was installed at 45 m above the ground level at the center of Tokyo (at the top of the building in the campus of Chuo University). 
Experimental

APM sampling procedure
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A cellulose acetate membrane filter (0.8 μm, 203 × 254 mm, Advantech Co. Ltd., Tokyo, Japan) was used to collect the APM, because of its lower contamination of REEs compared to a quartz glass fiber filter, which is generally used for APM collection. Table 2 indicates the analytical results of REEs in both quartz glass fiber and cellulose acetate membrane filters obtained in this study. As can be seen in Table 2 , the Ba concomitants in the cellulose acetate membrane filter are about 0.9% compared to those in the quartz glass fiber filter, and REEs concomitants in the cellulose acetate membrane filter are lower than those in the quartz glass fiber filter. Spectral interferences with BaO and BaOH are big problem for REEs determination; therefore, accurate analytical results can be expected for REEs measurement when the cellulose acetate membrane filter is used. The sampling flow rate of the high-volume air sampler was set at 700 L min -1 . Six APM samples were collected in different periods, as described in Table 1 . The amounts of APM collected and APM concentrations are also indicated in Table 1 . A part of the collected APM (approximately 10 -20 mg) was used for the determination of REEs.
Moreover, we classified APM into six fractions with aerodynamic diameter Dp <0.43, 0.43 -0.65, 0.65 -1.1, 1.1 -2.1, 2.1 -11 and >11 μm on cellulose acetate membrane filters using an Andersen low-volume air sampler (Model AN-200; Tokyo Dylec Co., Tokyo, Japan). The sampling flow rate of the low volume air sampler was set at 28.3 L min -1 . The amount and concentration of size-classified APM are given in Table 3 .
Reagents
XSTC-1 Custom Assurance Standards of a mixed REEs standard solution (10 μg mL -1 ; SPEX Certiprep Inc., USA) was used. Appropriate concentrations of REEs for calibration curves were prepared by diluting with 0.1 mol L -1 HNO3. The 0.1 mol L -1 HNO3 was prepared by diluting electronic-grade HNO3 (70%, Kanto Chemical Co., Tokyo, Japan) with Milli-Q purified water (Milli-Q Element, Millipore, Tokyo, Japan). Two elements of In and Re were used as internal standard elements. HNO3 (70%) and H2O2 (30%) acids used for the digestion procedures were of electronic-grade (Kanto Chemical Co., Japan). HF (50%) acid for semiconductor grade (Daikin Industries Co. Ltd., Tokyo, Japan) was also used for the sample-digestion procedures.
Sample preparation procedures
Four APM samples (in the case of APM sample collected in June, the sample number is two) were circularly clipped with a diameter of 80 mm from the APM collected on the cellulose acetate membrane filter; then, clipped samples were digested into the solution by sample preparation procedures, as shown in Fig. 1 . Following a previously reported method, 1 acids of 6 mL of 70% HNO3, 3 mL of 30% HF and 1 mL of 50% H2O2 acids were added to the samples; the samples were then digested into the solutions by using a microwave digestion system (MLS 1200, Milestone, Italy). The digestion programs are shown in Fig. 1 . After microwave digestion, HF was evaporated by using a hot plate at 230 C. When the solution became one droplet (ca. 0.5 mL) with transparency, it was diluted to 50 g with Milli-Q water. The internal-standard elements (In, Re) were added during dilution. In addition, 30 mg of SRM of NIST 1648 urban particulate matter (National Institute of Science and Technology, USA) was also digested by the same procedures, and this was used to validate the accuracy of the analytical method from sample preparation to REEs determinations. A good agreement of the analytical results of major-to-trace elements in the NIST 1648 was reported in a previous paper. 1 
Instrumentation
The analytical instrument used in this study was an HP 4500 ICP-MS (Yokogawa Analytical Systems, Tokyo, Japan) with a conventional glass concentric nebulizer. ICP-MS operation was conducted under the following conditions; RF power, 1400 W; plasma gas flow rate, 15.0 L min -1 ; auxially gas flow rate, 1.00 L min -1 ; carrier gas flow rate, 1.00 L min -1 . When the determination of REEs is conducted, spectroscopic interferences of oxide and hydroxide species from the constituent elements particularly, Ba and light REEs, have to be eliminated. In this study, the formation yields of oxide and hydroxide species listed in Table 4 were obtained using 100 ng mL -1 standard solutions of Ba and REEs; then, a numerical correction was carried out to eliminate interferences for obtaining accurate analytical results from total ion counts (TIC) as the equations shown in Scheme 1.
In the case of NIST1648, the analytical results of Eu, Gd and Tb were 15.4, 20.8 and 7.9% overestimated, respectively, if spectral interferences were not corrected.
Results and Discussion
Firstly, we validated the analytical method from the sample pretreatment to the REEs determination using SRM of NIST 1648 urban particulate matter. Table 5 lists the obtained analytical results of REEs for SRM. Three individual samples were analyzed; then, the standard deviation (SD) and relative standard deviation (% RSD) were calculated, as also listed in Table 5 . Reference values in the certificate of NIST 1648 urban particulate matter and the reported analytical results 20, 21 are also listed in Table 5 . As can be seen in Table 5 , the obtained analytical results were close to those of the reported and reference values, and our analytical result showed good reproducibility compared to these reported in Refs. 20 and 21. From these facts, it could be evaluated that accurate REEs determinations were performed. Consequently, the determination of REEs in APM samples was conducted by the same analytical method established in this study.
The analytical results of atmospheric REEs collected in Tokyo, Japan are listed in Table 6 . As can be seen in Table 6 , REEs were found in the APM and the concentration was in the range from 0.055 (Lu) to 20.3 μg g -1 (Ce). These REEs originated from both natural sources, such as soil, crust, marine etc., and anthropogenic emission, which is due to industrial activities, such as oil-fired power plant, refinery of oil and petroleum, and fertilizers plants, fly ash from incinerators, traffic etc. [16] [17] [18] In order to discuss the emission source of atmospheric REEs collected in Tokyo, the distribution patterns of REEs were evaluated in this study. Figure 2 shows the distribution patterns of REEs in APMs and SRM. The REEs distribution pattern of continental crust 22 is also shown in Fig. 2 . These REEs distribution patterns were obtained using the analytical results listed in Tables 5 and 6 with C1 chondrite normalization. The standard deviations (SD) for SRM and APMs listed in Tables 5  and 6 are also indicated in Fig. 2 , but almost all of the error bars were within the size of the dot. The REEs distribution pattern of NIST 1648 urban particulate matter showed a similar trend compared to that of the continental crust. The concentrations of REEs in NIST 1648 are similar to those in the continental crust, and it was surprising that the patterns were very close to each other. As can be seen in the distribution patterns, concentrations of REEs in the APM samples were about 5 fold and one order of magnitude lower than those in NIST 1648 and continental crust, respectively. The lower REE concentrations obtained in the APM compared to those of the continental crust can be explained as REEs, which are emitted into the atmosphere, are diluted by other sources of APM. It should be noticed that positive anomalies of Eu and Tb were found in the REEs distribution patterns in APM samples collected in Tokyo, Japan.
The plots of Tb showed significant differences from Gd and Dy with consideration of the error bars of APMs. Moreover, higher Tb/Nd (0.030 ± 0.002 -0.063 ± 0.002) and Tb/Sm (0.21 ± 0.01 -0.35 ± 0.02) ratios of APM were observed compared to that of the crust (Tb/Nd, 0.024; Tb/Sm, 0.12). Therefore, it can be evaluated that the positive anomaly of Tb could be obtained significantly for all sampling periods. Higher Eu/Nd ratios (0.053 ± 0.004 -0.102 ± 0.003) were observed compared to that of the crust (0.048). Also, a positive anomaly of Eu could be obtained in June and August. Some authors reported Eu anomalies in the water environment [23] [24] [25] and a negative Eu anomaly in dust aerosol collected in Eastern Pamirs was reported by Wu et al. 26 As far as the author's knowledge, Tb and Eu positive anomalies have not yet been reported for APM. REE anomalies are often observed for Ce and Eu. 27 These anomalies are caused by the fact that these two elements can form different valencies in nature (Ce 4+ and Eu 2+ ), besides the trivalent ions occurring for all REEs. Therefore, the sources of Eu should be both anthropogenic and natural. Eu is used for a fluorescent substance of a lamp, cathode-ray tube, plasma display panel and phosphorescence. On the other hand, anthropogenic emission can be estimated as an origin of Tb rather than the natural source. Tb is used for a magnet-optical disk, such as MO and MD, and is also used for a cathode-ray tube, as well as Eu. The positive anomaly of Tb in APM may be caused by the large consumption of Tb, which is due to the wide-spread use of the magnet-optical disk and the recent changes of TV devices in Japan from cathode-ray tube to plasma display panel. From these observed results, it is considered that a high concentration level of Tb and Eu are emitted into the atmosphere in Tokyo.
As can be seen in Refs. 16 -18, the main anthropogenic emission sources of REEs are industrial activities and traffic. The ratio of La/Sm is one of the indicators from industrial activities, such as refinery and fertilizer plants, and the traffic. High values, such as 27 ± 7, were reported as the originated values from oil-fired plants and processes of oil refineries. 16 Values of 20, 5.2 and 28 were reported as the origin from petroleum-refining, a coal-fired plant and an oil-fired power plant, respectively. 28 La/Sm values are listed at the bottom row of Table 6 . In this study, La/Sm values were about 11.5 -17.9 in APMs. On the other hand, La/Sm values were 7.8 and 5.7 in NIST 1648 and the continental crust. Similar values of 6 -8 reported by Wang et al. 17, 18 were considered to have originated from industry and traffic. From these results, industrial activities and traffic should be one of the main factors for the atmospheric REEs in Tokyo, Japan.
Analytical results of size-classified APM are shown in Table 7 . For almost all REEs, the highest concentrations were observed in APM with diameters of 1.1 -2.1 μm, and the concentration was in the range from 0.135 (Lu) to 47.6 μg g -1 (Ce). On the other hand, the lowest concentrations were observed in APM with diameters of 0.43 -0.65 μm, and the concentrations were in the range from below the detection limit (Er, Tm, Yb and Lu) to 11.9 μg g -1 (Ce). In order to discuss the emission source of atmospheric REEs collected in Tokyo, distribution patterns of REEs were evaluated in this study. The distribution patterns of REEs in size-classified APMs were plotted in Fig. 3 by using the data listed in Table 7 . The distribution patterns of REEs in APM with diameter of >1.1 μm showed similar trends compared to those in the continental crust and NIST 1648. In the case of APM with a diameter of <1.1 μm, the distribution patterns of Sm-Lu were lower compared to those of the continental crust and NIST 1648. The positive anomalies of Eu and Tb could be observed in APM with diameters of 0.43 -0.65, 0.65 -1.1, 1.1 -2.1 and 2.1 -11 μm.
The La/Sm value in the APM with diameters of >11 μm was 5.93. This value was similar to that of the continental crust (5.7), and therefore it is considered to have originated from natural sources. The La/Sm values in APM with diameters of 2.1 -11 and 1.1 -2.1 μm were 11.0 and 15.8, respectively. These values were higher than that of NIST 1648 urban airborne particulate matter (7.8), but lower than those of petroleum-refining (20) and an oil-fired power plant (28) . 28 Therefore, it is considered to have originated from both natural sources and anthropogenic sources. The La/Sm values in APM with diameters of 0.65 -1.1, 0.43 -0.65, <0.43 μm were 35.6, 84.1 and 68.0, respectively. These values were more than 1.3 -4.2 times higher than those of petroleum-refining (20) and oil-fired power plants (28) . 28 On the other hand, high La/Sm values were observed in some areas with high traffic density. 29 In that report, the La/Sm values in tailpipe soot of automobiles, equipped with "three-way" catalytic convertors, ranged from 10 to 16000. From these results, industrial activities and traffic should be one of the main factors for REEs in nano-sized APM in Tokyo, Japan.
From these results, it is considered that large amounts of REEs are emitted into the atmosphere. Emitted REEs were distributed into the fine APM with diameters of <1.1 μm compared to the coarse APM with diameter of >1.1 μm, and then the natural distribution pattern of REEs was disturbed by human activities.
The distribution pattern of REEs in size-classified APM showed a higher degree of the anthropogenic effect in fine APM than those in coarse APM.
Conclusions
Atmospheric REEs determination was performed and the REEs distribution pattern was evaluated in this study. Since the concentration of REEs is relatively low, a cellulose acetate membrane filter is suitable for the accurate determination of REEs in APM collected in Tokyo. A numerical correction is useful to eliminate the spectroscopic interferences of oxides and hydroxide species from Ba and light REEs to improve the accuracy of the REEs determination. The analytical procedures from sample preparation to ICP-MS measurement were validated using NIST 1648 urban particulate matter. Consequently, the analytical procedures were applied to the determination of REEs in APM collected in Tokyo, Japan. The distribution pattern of REEs was also evaluated, and Eu and Tb positive anomalies could be discovered in the APM samples. From these results, a large amount of REEs emission may affect the atmospheric environment. From the distribution pattern of size-classified APM, emitted REEs were distributed into fine APM with diameters of <1.1 μm compared to coarse APM with diameters of >1.1 μm, and thus the natural distribution pattern of REEs was disturbed by human activities.
